The application of mathematical modeling and simulation-based tools in chemical science helps to link scientific theories to real-time complex dynamic chemical processes. In this work, Modelica programming language is applied to model the general corrosion of copper pipes during stagnation of water in the pipes. The corrosion process was simulated in OpenModelica simulation environment. The simulation package is based on three general corrosion sub-processes: copper oxidation by dissolved oxygen present in water; precipitation of malachite on the pipe surface; dissolution of malachite from the pipe surface. These sub-processes also affect the physico-chemical quality of water, i.e., pH, alkalinity, ionic strength, chemical complex formation, etc. In the model setup, the chemical reactions describing the processes were first expressed as rate equations. The rate equations and other equations describing the system were then transferred to the OpenModelica software environment.
INTRODUCTION
With the introduction of mathematical modeling in chemical science, it has become easy to describe and predict the behavior of chemical systems with a high degree of certainty. This saves time and capital often invested in carrying out a wide range of experiments in the laboratory.
Empirical data from experiments are often required to validate mathematical models. Once a model has been validated, it can be used to predict the behavior of systems under specific conditions. Although mathematical modeling has its merits, it must be said that models usually are a simplified representation of physical systems and therefore must be used with caution (Loosdrecht et al. ) . 
METHODOLOGY Model setup

Copper oxidation
During copper oxidation in water, DO oxidizes metallic copper releasing copper(I) and copper(II) ions. The (1) and (2)) is a first-order rate equation ( Copper oxidation equation
Rate equation
O 2kor denotes DO involved in corrosion, Cu 2þ kor denotes copper(II) ions released by oxidation, A denotes pipe surface area, and K ox denotes oxidation rate constant.
The time derivative of a variable, e.g., d(O 2kor )=dt is represented in Modelica language as der(O 2kor ). The chemical rate equations (Equations (2) and (3)) were introduced in the OpenModelica environment as shown
Precipitation and dissolution of malachite
The precipitation and dissolution of malachite influences the free copper(II) ion (Cu 2þ ) content of water during stagnation.
Precipitation leads to copper(II) ion reduction while dissolution increases copper(II) ions in water (Equation (4)).
K pre denotes the precipitation rate constant while K diss denotes the dissolution rate constant.
Alex & Johannsen () proposed a rate equation for malachite precipitation and dissolution (Equation (5)).
Rate equation At equilibrium, the rate of dissolution equals the rate of precipitation. The rate constant for malachite dissolution (K diss ) is therefore equal to the product of the rate constant for malachite precipitation (K pre ) and the solubility product of malachite (K malachite ).
The OH À ions are related to the H þ ions by the ionic product of water (K w ).
The Modelica line corresponding to Equation (5) is shown as
To generate a rate expression for the total copper(II) ions (TOTCu 2þ ) in the medium, the individual rate equations for oxidation and precipitation/dissolution were combined. Table 1 . The equilibrium reactions shown in Table 1 were expressed as mathematical equations and transferred to the OpenModelica environment.
Alkalinity and pH
The corrosion process influences the acidity, alkalinity, ionic strength, and pH of water. Copper oxidation increases pH due to hydroxide ion (OH À ) release while malachite precipitation consumes hydroxide ions. The consumption of carbonate ions during malachite precipitation affects the total inorganic carbon (TOTC) (Equation (9)). The rate of change of alkalinity is proportional to the rate of change of total copper(II) ions in solution (Equation (10)).
The corresponding Modelica line for Equations (9) and (10) are
The total inorganic carbon of the medium is the sum of the alkalinity and acidity. Equations (11)- (16) are all algebraic equations. These equations were also introduced into OpenModelica.
TOTC ¼ Alkalinity þ Acidity (11) 
Simulation experiments and model validation
OpenModelica package for general copper pipe corrosion during stagnation
OpenModelica is an object-oriented modeling software.
Object-oriented modeling involves the following software engineering principles: message-passing, encapsulation, class to subclass inheritance, and polymorphism, i.e., same procedure applied on different types of data. The developed OpenModelica simulation package (titled 'corrosion') is composed of a class for the thermodynamic constants (named 'constants'), a class for the copper complexes (named 'complex'), and a model for copper corrosion (named 'coppercorrosion'). The class 'complex' and the class 'constants' were extended to the main model class, i.e., 'coppercorrosion' as subclasses. The package is shown in Annex I (available online at http://www.iwaponline.
com/jws/064/123.pdf).
Model validation
Laboratory copper pipe corrosion studies use different test methods, e.g., pipe rig experiments according to the Table 2 .
The initial conditions of the laboratory experiments were used as the initial conditions for the simulation while the experimental results were used to fine-tune and validate the simulation package. The experimental conditions of the laboratory scale corrosion experiment (pH, total inorganic carbon and alkalinity of the water) as shown in Figure 2 were introduced into the OpenModelica corrosion package. The simulation run time was set at 8 hours, which is exactly the same as the time for the corrosion experiment. The oxidation rate constant (K ox ) and the malachite precipitation rate constants (K pre ) were adjusted in order to fit the data obtained during simulation with the results obtained in the laboratory experiment. Figure 3 shows the similarity between the experimental results and results obtained by simulation. The oxidation rate constants and malachite precipitation rate constants which gave the best simulation outcomes were
The simulation results for other parameters such as pH and residual DO content of water also fitted well with the results of the experiment (Figures 4 and 5) . The rise in pH observed in Figure 4 is due to the release of OH À into the medium during copper oxidation (Equation (1)) coupled to the consumption of OH À ions during malachite formation (Equation (4)). The drop in residual DO of the water ( Figure 5 ) is due to consumption of DO during oxidation.
From the results shown in Figures 3-5 , it can be concluded that the OpenModelica simulation package developed in this work can be effectively used to simulate this copper corrosion experiment.
Simulation of experiment 2
The OpenModelica simulation package was also used in the simulation of the copper pipe corrosion experiment performed by Merkel (). Merkel performed different stagnation experiments using copper pipes of different operating periods. The OpenModelica package was used to simulate a corrosion experiment of copper pipes which had already been in operation for 9 weeks. The characteristics of the corroding water which was used in the experiment by Merkel are shown in Table 2 . The pH, alkalinity, DO, and total carbon were introduced as initial conditions into the package and the process was simulated. The K pre and K ox were adjusted in order to get the best fit between the simulation results and the experimental results ( Figure 6 ). The best fit was obtained for With OpenModelica, it is therefore possible to bring together different mathematical equations which describe different processes in a system and solve these equations using built in numerical methods. OpenModelica does not require a high level of programming skills.
The simulation package, as well as the models used in this work, has its limitations. The applicability of this package decreases with increased complexity of the physicochemical quality of the water. With increasing complexity of the water quality, the model must be modified to include other chemical concepts that may influence copper corrosion, such as precipitation of other copper compounds, ionic strength calculations, temperature variations, etc.
With slight modifications and increased flexibility, this model can be used to simulate the effect of the corrosion inhibitors used by water supply companies. Further improvement and implementation of this simulation package may significantly reduce the cost of corrosion-related water quality control strategies.
